Abstract: The need for high-speed local area networks to meet the recent developments in multimedia and video transmission applications has recently focused interest on visible light communication (VLC) systems. Although VLC systems provide lighting and communications simultaneously from light emitting diodes, LEDs, the uplink channel design in such a system is a challenging task. In this paper, we propose a solution in which the uplink challenge in indoor VLC is resolved by the use of an Infrared (IR) link. We introduce a novel fast adaptive beam steering IR system (FABS-IR) to improve the uplink performance at high data rates while providing security for applications. The goal of our proposed system is to enhance the received optical power signal, speed up the adaptation process and mitigate the channel delay spread when the system operates at a high transmission rate. The channel delay spread is minimised from 0.22 ns given by hybrid diffuse IR link to almost 0.07 ns. At 2.5 Gb/s, our results show that the imaging FABS-IR system accomplished about 11.7 dB signal to noise ratio (SNR) in the presence of multipath dispersion, receiver noise and transmitter mobility.
Introduction
The large and continuous growth in mobile devices including smart phones, laptops, and Internet of Things (IoT) devices is driving a huge demand for data access to wireless networks. Visible light communication (VLC) is becoming more popular everyday due to its inherent advantages over radio frequency (RF) systems. The advantages include a large unregulated spectrum, simple receivers (silicon photo detectors), simple transmitters (light emitting diodes, LEDs), freedom from fading, confidentiality and immunity against interference from electrical devices. The concept of VLC systems revolves around the use of light emitting diodes (LEDs) for both lighting and communications. The main drives for this new technology include the recent development of solid state lighting, longer lifetime of high brightness LEDs compared to other artificial light sources such as florescent and incandescent light bulbs, high data rate, low power consumption and green communications [1] - [5] .
Apart from the advantages of a large potential bandwidth, VLC makes it possible to reuse the same wavelength in other parts of an indoor environment without facing any interference and security problems and this is due to the fact that VLC signals cannot penetrate walls or other opaque barriers [6] . However, the VLC system is not without drawbacks; there are two major limitations in VLC systems. The first is the low modulation bandwidth of the LEDs, which limits the transmission data rates. The second is the spread of the received pulse due to the reflections from walls and ceiling in an indoor environment which causes multipath dispersion that leads to inter symbol interference (ISI). Different techniques have been suggested to overcome the limitations in VLC systems (ISI and low modulation bandwidth of LEDs ISI), so that higher data rates can be realised. Previous work in [7] proposed a 3 Gb/s VLC link that uses a Gallium Nitride µLED and orthogonal frequency division multiplexing (OFDM). OFDM is employed as a modulation scheme and pre-and post-equalisation techniques, as well as adaptive data loading are applied in order to achieve 3 Gb/s. Elmirghani and his group have recently improved performance of VLC systems by replacing LEDs with Laser diodes (LDs) and integrated the system with the imaging diversity receiver [8] - [11] . A 10 Gb/s indoor VLC in a realistic environment has been shown to be possible by using a delay adaptation approach, LDs and imaging receiver [8] . The system in [8] used a simple modulation format (On Off Keying (OOK)) and avoid any complex wavelength division multiplexing (WDM) techniques.
Moreover, a VLC relay assisted system is used with a delay adaptation technique and an imaging receiver to further improve the VLC system performance [11] . These efforts aim to achieve the highest data rates possible. 3 Most of the current and previous work on VLC focuses mainly on the downlink channel. The primary goal of VLC downlink design is to enhance data rates within the constraints of VLC as discussed above.
Although VLC systems provide lighting and communications simultaneously from LEDs, the uplink channel design in such a system is challenging task. This is due to the energy limitations of mobile devices (where such light does not need to be generated for illumination) and also due to the potential glare from the light where VLC signals can cause discomfort to human eyes and affect the indoor illumination.
Taking these reasons into considerations, VLC systems remain a strong candidate for downlink implementation within a local network. However, it is better if VLC technology is complemented with an alternative uplink technology.
Recent work in [12] proposed a hybrid solution where the uplink challenge is resolved by the use of RF-VLC combination. The system comprised of WiFi uplink and VLC downlink in order to increase the overall capacity with multiple users. This solution is suitable for RF insensitive areas such as schools and homes with relatively small data rates. Moreover, different researchers have demonstrated a bi-directional indoor communication system based on VLC red-green-blue RGB-LEDs [13] . Each colour can be used to carry different signals. The study has achieved 300 Mb/s uplink transmission rate. However, this type of configuration requires a directional transmission beam that can lead to significant deterioration of throughput given the potential movement of users. Also the uplink VLC can produce light which is uncomfortable to human eyes. Therefore, there is a need to find alternative solutions with relatively high transmission speed in sensitive places and high-security applications. In this paper, we propose Infrared (IR) uplink channel design to overcome the potential issues of uplink transmission in VLC systems. IR (Infrared) optical communications has the same advantages as VLC systems. It has also some additional advantages compared to VLC. For example light dimming is not an issue in IR systems and the uplink implementation using IR is convenient as it avoids bright visible light next to the user equipment, next to a laptop for example. It can also provide high transmission rates similar to VLC systems and potentially higher data rates (data rate up to 10 Gb/s employing OOK modulation can be achieved) [14] , [15] . This is mainly because of the modulation bandwidth of LD used in IR systems which is wider than the white LEDs.
In this paper, we propose a hybrid conventional diffuse IR (HCD-IR) uplink system in which the optical signals can be fully diffuse over the entire environment. Diffuse systems offer great link stability as well as providing substantial immunity to direct beam blockage near to the receiver. Furthermore, a diffuse connection permits users to immediately join and collaborate with the use of mobile computers, wireless printers, modems, and office and home networking devices. However, diffuse systems may suffer from multipath dispersion, and this may cause signal spread and ISI. A direct IR link with a narrow beam can be used to overcome this issue. However, a perfect alignment between the transmitter and the receiver is required in order to establish such a link, and can be easily disconnected due to the user"s motion. In order overcome this issue, we propose a novel fast adaptive beam steering IR system (FABS-IR) to improve the uplink performance at high data rates. To minimise the complexity of the design, we propose an adaptive finite vocabulary stored hologram for beam steering by using of simulated annealing optimisation. In this work, we propose the use of holograms and beam steering in uplink IR-VLC systems with efficient adaptation. The idea of finite adaptive stored holograms has been introduced first in downlink multi-spot diffusing IR systems (non-direct line-of-sight) in [16] and it is applied here for the first time to uplink visible light communication (VLC) systems. To the extent of our knowledge, 1.25 Gb/s and 2.5 Gb/s data rates, the highest data rates to date for an uplink VLC system are accomplished by using our new systems (with simple modulation format OOK).
The paper is organised as follows: Section 2 explains system configurations. The system model and simulation set-up are given in Section 3. The simulation results of our proposed system are given and discussed in Section 4. Finally, conclusions are drawn in Section 5.
System Configurations
In this section, we focus on the design of the uplink in VLC and consider the use of an IR link. The downlink design, for VLC systems, has been evaluated in our work in [8] - [11] . 
A. HCD-IR Transmitter
The basic hybrid conventional diffuse IR transmitter (HCD-IR) employs diffuse transmission and a wide field of view (FOV) receiver. It uses direct and non-direct paths between the receiver and the transmitter.
The HCD-IR does not rely on a direct line of sight (LOS), which permits the uplink VLC system to operate even when the receiver is obstructed from the transmitter. However, a pure diffuse system coupled with a wide FOV receiver is subject to multipath dispersion, which may result in pulse spreading and extreme ISI. The diffuse HCD-IR system employs a large beam transmitter with a large reception angle (FOV= ) at the receiver end.
Angle adaptation technique, based on liquid crystal devices, has been introduced for the first time in a downlink IR communication system to improve the SNR at the receiver [14] , [15] . It is considered to be a powerful approach that can help the transmitter to optimise the distribution of spots and to find the best location of the spots regardless of the receiver"s location, the transmitter"s position and the receiver"s reception angle. However, this technique requires more time for calculations on a typical digital signal processor to generate a hologram at each step. In our new fast adaptive (FABS-IR) system, we propose an adaptive IR stored hologram technique in order to steer the beams in uplink IR-VLC systems. In a typical office space with dimension of ( ), the floor (or ceiling) is divided into small areas, i.e.
512 regions where each area has dimension of . The total number of holograms to be stored in uplink design is , where is the number of areas into which the ceiling or floor is divided. This large number of regions has been selected in order to help the transmitter to find the exact receiver position during mobility. In our case, the receiver is fixed (i.e., stationary) at the centre of the room while the transmitter is mobile and uses a stored hologram that steers the beam (narrow direct LOS link) to the optimum location if the transmitter is present in any one of the regions. The idea of finite stored holograms has been recently introduced in IR diffusing spot systems and VLC systems [16] - [18] and it is developed here for the first time in the uplink VLC in order improve the performance of the IR-VLC system as well as speed up the adaptation process. The hologram phase and pattern distribution were calculated in a similar fashion to those used in [16] . More details about the characteristic and the design of hologram can be found in our recent works in [18] . Three snapshots of the hologram reconstruction intensity and phase distributions in the far field at different iterations are shown in Fig. 2 . The reconstruction intensities are improved when the number of iterations increases. This is attributed to the use of simulated annealing which attempts to reduce the cost function, hence improving hologram phases leading to more accurate spot location/beam steering. Fig. 3 shows the cost function versus the number of iterations completed. In the case of classic beam steering the adaptive transmitter first scans all N holograms (where the total number of holograms used in this case is N=512). The receiver records the SNR associated with each hologram; this information is then sent back to the transmitter in order to assist the transmitter in selecting the best hologram. Usually the adaptive transmitter selects holograms based on their associated SNRs with the hologram providing the best SNR being selected. However, scanning all the stored holograms in the system negatively causes an exhaustive search mechanism. The high quantity of stored holograms in the proposed system leads to increase in the time needed for the adaptation process. If each hologram requires 1 ms in order to calculate its SNR (based on a typical processor) then the total time needed (adaptation time) to find the best hologram when the receiver moves is 512 ms. Introducing a fast adaptive search algorithm (based on a divide and conquer (D&C) algorithm) resolves this issue, and improves the SNR. This is accomplished through the use of more holograms while simultaneously decreasing the required computation time needed to select the optimum hologram. The D&C algorithm has been first introduced and explained in a downlink VLC system in [16] - [18] and it is adapted here for the first time in uplink channel. Our fast adaptive algorithm is based on a D&C algorithm to find the optimum hologram that achieves the highest receiver SNR. The following presents our adaptive proposed FABS-IR algorithm utilised in a single user scenario:
1-Firstly, based on the hologram transmission angles, the adaptive transmitter splits the stored holograms into four quadrants. The transmission angles correlated with the first quadrant are to in the x-axis and to in y-axis.
2-In order to identify the first sub-optimum hologram, the adaptive transmitter scans the middle holograms in each quadrant.
3-The receiver estimates the SNR and then sends (feedback signal) information of the SNR associated with each hologram back to the transmitter. It should be noted that in order to identify the first sub-optimal region, four holograms will first be scanned.
4-The adaptive transmitter stores the hologram transmission angles where the receiver SNR is suboptimal. In the case that the transmitter receives more than one equally optimal SNR due to the room symmetry, or due to both the transmitter and receiver being co-allocated (receiver on the boundary of the optimum region), then the transmitter selects the first hologram from among the available equally good hologram choices and discard the others.
5-The quadrant which includes the sub-optimal hologram is selected for the next cycle by the adaptive transmitter.
6-The adaptive transmitter sub-divides the sub-optimal quadrant into four sub-quadrants, in order to find the second sub-optimal quadrant, steps 3 to 5 are repeated.
7-The second sub-optimal quadrant is again subdivided into four sub-quadrants by the adaptive transmitter. To identify the third sub-optimal quadrant, the transmitter repeats steps 3 to 5.
8-The optimal transmission angles of the hologram that achieved the highest receiver SNR, are determined by the D&C algorithm and the adaptive transmitter. Table I shows the fast adaptation algorithm, more details and explanations about each step can be found in [19] . The fast proposed system, FABS-IR (with 512 holograms), decreases the computation time taken by the classic angle adaptive holograms, from 512 ms to 28 ms. It reduced the computation time by a factor of 16 in the case of our proposed system. The design complexity associated with our proposed system is discussed in Section 4. It should be noted that a number of different iteration counts of the search algorithm (i.e., three up to six) were tested. However, we found that in most receiver locations the proposed algorithm is able to determine the optimum location of the receiver by the third iteration.
Therefore, we restricted the search algorithm to three iterations to reduce the complexity associated with the computation time required to identify the optimum location. It should be noted that our proposed system operates in an empty rectangular room. In this work, we do not study the potential interference due to sunlight through windows and we do not consider the impact of shadowing in a realistic indoor environment. In the case of a realistic indoor environment, the number of holograms to be scanned in each area should be increased. This will lead to increase in the adaptation process. The interference of daylight through windows is of interest and will be considered in future work. 
Simulation Set-up and System Model

In indoor IR communication links, intensity modulation and direct detection (IM/DD) is a suitable simple
approach that is widely used. The indoor IR IM/DD channel can be fully identified and specified by its impulse response as [14] : ,
where ) is the emitted optical power and denotes convolution, R represents the photodetector responsivity and represents the received background noise. The background noise is modelled as white, Gaussian and independent of the received signal. is the instantaneous current of the photodetector.
The proposed systems, HCD-IR and FABS-IR, were purposely combined with imaging receivers.
Simulations were performed for an empty room with dimensions of 4m × 8m × 3m (x m × y m × z m), as shown in Fig. 1 . In our work, we assumed that the walls are covered with plaster which is known to reflect light rays in a form close to a Lamertian function [20] . Consequently, walls and ceiling are modelled as Lambertian reflectors that reflect back 80% of the incident energy while the floor is assumed to only reflect 10% of the incident power. In addition, reflections of other structures such as doors and windows are considered to be identical to reflections from walls. The transmitted signal travels to the receiver through multiple reflections from the room"s reflecting surfaces. These reflecting surfaces are subdivided into a number of equal-size square-shaped reflecting elements. The reflection elements can be treated as small secondary transmitters that diffuse the incident rays back into the space from their centre. It has been experimentally proven that third-order reflections and above do not contribute significantly to the received optical power [2] , [20] - [21] . Based on this information, the simulations include only the first two reflections (i.e., first and second reflections). In this work, the surface elements of 5 cm × 5 cm were used for the first reflections and 20 cm × 20 cm for the second-order reflections. More simulation parameters are given in Table II. For the hybrid IR system (HCD-IR), the transmitter is pointed upward and transmitted 1 W with an ideal diffuse pattern. Exposure to optical radiation at such power levels can be hazardous to the skin and as a diffuser to emit optical powers in the range 100mW -1W [23] . In the case of fast adaptive stored hologram (FABS-IR) system, the transmitter emitted 150 mW, where the hologram used n= 45 in order to adaptive hologram system to mitigate the impact of eye safety in the indoor VLC environment [24] , [25] .
In order to combat the issues of ambient background noise and multipath dispersion present in optical wireless communications, a custom design imaging receiver is employed. In this work, we used the imaging receiver design proposed in [14] with 200 pixels. A detailed explanation about the calculation of the reception zone associated with each pixel is presented in [14] . The received optical signal obtained by each individual pixel can be separately amplified. A number of parameters such as the delay spread and SNR were inferred from the simulated impulse response.
1) The delay spread of an impulse response is given by [27] , [28] : (2) where is the time delay associated with the received optical power , and is the mean delay given by:
2) The SNR of the received signal can be written as [29] : (4) R is the responsivity of the photodetector which in our case is chosen to be R = 0.6 A/W. This is a typical value for a silicon photodetector. and are the power levels associated with logic 1 and 0 respectively. The noises and associated with logic 1 and 0 respectively are given by:
represents the preamplifier noise which is a function of the design used for the preamplifier and represents the background shot noise component which is evaluated by computing the corresponding shot noise current. The noise component that is a direct result of the received signal power is composed of two elements. The shot noise component which is the noise associated with , is the first element, and , associated with . is the second element. According to the experimental results reported in [30] , this signal-dependent noise is very small and is often neglected. Calculations of the background shot noise can be found in [14] , and higher bit rates of 1.25 Gb/s and 2.5 Gb/s are evaluated in our proposed systems. We used the preamplifier design proposed in [31] .
Simulation Results
This section explores the performance of our proposed systems (HCD-IR and FABS-IR) under the impact of multipath dispersion, transmitter mobility and receiver noise. Comparison of the channel delay spreads of our proposed systems using different reception techniques, imaging and non-imaging receivers, is given in Fig. 4 . The transmitter moves along the x=1 m line. The delay spread result of our imaging system is quoted when the system employs selection combining (SC) to select the imaging receiver pixel with the best SNR [14] . The non-imaging HCD-IR system shows much more signal delay non-imaging FOV receiver cannot operate at 1.25 Gb/s and 2.5 Gb/s. An imaging receiver can be used with HCD-IR system to resolve this problem. However, the link budget is still small due to the diffuse transmission (single wide beam). The SNR achieved in our imaging HCD-IR system is -1.4 dB, see Fig 5 (a). In order to overcome this issue, our new imaging diversity receiver coupled with fast beam steering 
where is the number of sub-problems (quadrants in our FABS-IR). The transmitter divides the stored holograms into four quadrants (i.e., = 4) in each iteration. For example, in the case of =512 (number of regions), the number of holograms needed for classical computer generated holograms beam steering is 512. In addition, the computation time required to identify the optimum holograms is 512 ms (if each SNR computation is carried out in 1 ms, based on typical processor). Alternatively, in the fast adaptive algorithm, the computation time needed to identify the optimum holograms is only 28 ms (solely four iterations are required). It should be noted that computation time in the fast algorithm is totally depends on number of holograms and the way that we divide them (in our case j=4). However, under different scenarios the computation time may be slightly changed.
Conclusions
In this paper, we proposed a new design of indoor uplink VLC systems using IR links. The advantage of such a system is the ability to add capacity with VLC channels acting as downlinks only while employing a full uplink capability in the form of an IR channel. We proposed a new method that uses fast adaptive beam steering (FABS-IR) coupled with imaging receivers to improve the system performance at high transmission rates (1.25 Gb/s and 2.5 Gb/s). The proposed FABS-IR can effectively steer the uplink channel in VLC systems closer to the receiver position. The FABS-IR are pre-calculated and stored in our proposed system without adding any complexity at the transmitter to reproduce (compute) the holograms.
Increasing the number of holograms/regions helps the transmitter accurately identify the receiver"s location, hence improving the system performance. In order to select the best pre-calculated hologram in a shorter amount of time, a search algorithm based on D&C was used. In the worst communication path considered, when the ceiling is divided into 512 regions (512 holograms are pre-calculated and stored in
